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ABSTRACT: Awide range of solvents have been examined
to find their effect on radiation-induced grafting of 4-vinyl
pyridine onto fluorinated ethylene propylene copolymer by
simultaneous irradiation technique. The effect of solvent on
percentage of grafting has been monitored by varying mono-
mer concentration and total dose of radiation. Further graft-
ing results have been correlated with the solubility parameter
of the solvent and solvent mixtures. Evidence of grafting has
been based on characterization of grafted samples in terms of
FTIR, EDAX, X-ray mapping, thermogravimetric analysis,
and dynamic mechanical analysis. Depth profiling of a few

representative grafted films were studied by viewing the
cross-sectional distribution of elemental nitrogen using SEM-
EDAX. The results suggest that with increase in grafting the
grafting front propagates from the surface toward bulk, thus
establishing the frontal mechanism of radiation grafting. Fur-
thermore, the grafted films were characterized for their sur-
face properties using contact angle goniometry. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 108: 4065–4071, 2008
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INTRODUCTION

Graft copolymerization is the most powerful and gen-
eral method in effecting modification of polymers and
is widely used in the production of commercially use-
ful polymers. Synthesis of proton exchange membranes
for use as electrolytes in fuel cell is one of the most
prominent applications.1–11 Significant efforts have also
been made to develop anion exchange membranes by
radiation-induced graft copolymerization of vinyl
monomers such as 4-vinyl pyridine, 2-vinyl pyridine,
and vinyl benzyl chloride onto various polymer films
by using direct and preirradiation methods. Anion
exchange membranes prepared by grafting of 4-vinyl
pyridine onto films such as PTFE,12–13 PE,14 PP,15

ETFE,16 PVC,17 followed by quarternization with alkyl
halide has also been reported.

Grafting efficiency in radiation-induced graft copoly-
merization by simultaneous irradiation technique de-
pends upon18 monomer concentration, total dose,
nature of the polymer and monomer, nature of the sol-
vent or diluents, etc. Solvents are basically used in radia-
tion-induced graft copolymerization to bring about
swelling of the base polymer and enhance themonomer
accessibility to grafting sites.19 Accordingly, correct
choice of diluents is one of the essential elements toward
the success of radiation-induced grafting process.20 The

effect of solvents on the radiation-induced graft copoly-
merization reactions during membrane preparation has
been subjected to many studies.21–24 In an exhaustive
study, Garnet andMartin25 reported the effect of a large
number of solvents on simultaneous radiation-induced
graft copolymerization of 2-vinyl pyridine, 4-vinyl pyri-
dine, and 2 methyl 5-vinyl pyridine onto cellulose. Sol-
vents having functional groups containing nitrogen or/
and oxygen ensured high grafting efficiency. Kaur
et al.26 have evaluated the effect of various alcohols and
binarymixture of alcohols and water toward grafting of
4-vinyl pyridine onto FEP by preirradiation technique.

In this article, the effect of various solvents and bi-
nary mixture of solvents on grafting of 4-vinyl pyri-
dine onto FEP by simultaneous irradiation technique
has been studied. The effect of monomer concentra-
tion and total dose on grafting in presence of differ-
ent solvents has been evaluated. Selected grafted
samples have been characterized by using Fourier
transform infrared (FTIR) spectroscopy, thermogravi-
metric analysis (TGA), dynamic mechanical analysis
(DMA), and scanning electron microscopy — energy
dispersive spectroscopy (SEM-EDAX).

EXPERIMENTAL

Materials and methods

Teflon-FEP film (75 lm thickness) was obtained
from Du Pont (Wilmington, DE); 4-vinyl pyridine
(Alfa Aesar, Heysham, England) was freshly distilled
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before use. Tetrahydrofurane (THF), dioxane, metha-
nol, acetone, benzyl alcohol, nitromethane, cyclohex-
anol, methyl ethyl ketone (MEK), and water were
duly purified and distilled prior to use.

Graft copolymerization

FEP film (2 cm 3 2 cm) of 75 lm thickness was
washed with acetone and dried in oven at 508C
before use. Weighed amount of FEP was placed in a
glass ampule containing varied percentage of mono-
mer (10–35%) in different solvents. The ampule was
irradiated for a total dose of 35 kGy at a dose rate of
4.92 kGy/h. Prior to irradiation the solution was
purged with dry nitrogen.

For evaluation of the effect of total dose on per-
centage of grafting, monomer concentration was
maintained at 20% in different solvents, and the so-
lution was exposed to varied total dose (10–35 kGy).
Low grafting yield cases (in presence of cyclohexa-
nol, benzyl alcohol, and nitromethane) observed
from concentration effects are not incorporated in
the study. Irradiation was carried out in a gamma
chamber 5000 provided by BRIT (India). The grafted
films were freed from homopolymer by extracting
with acetone–water mixture (1 : 1, v/v) in soxhlet
apparatus, for 72 h till constant weight of the sam-
ples was obtained.

Percentage of grafting was determined from the
following expression:

Percentages of grafting ¼ ðw1 � w0Þ=w0

where w1 and wo are the weights of grafted film after
complete removal of homopolymer and original film,
respectively.

Characterization techniques

The chemical changes occurring in the FEP film
upon grafting was investigated by FTIR. Spectra of
the samples were recorded using a Perkin–Elmer
1650 FTIR spectrophotometer with a resolution of
4 cm21.

TGA studies were carried out using a TA instru-
ment Hi-Res TGA 2950 thermogravimetric analyzer.
The samples were heated from ambient temperature
to 8008C at a heating rate of 208C/min in nitrogen
atmosphere. The samples selected for TGA analysis
are the ones obtained from the grafting medium of
dioxane–water binary mixture.

Dynamic mechanical properties of the samples
were studied in a Rheometric scientific DMTA 3E
Mark instrument. The test was carried out in the
dynamic temperature ramp module in the rectangu-
lar tension mode. The dimensions of the sample
were 5 mm in width and 10 mm in length. Samples

were scanned from 50 to 2008C at the heating rate of
58C/min at a fixed frequency of 1 Hz.

Surface and cross section of a grafted films with
different percentage of grafting, prepared from diox-
ane–water binary mixture, were analyzed by X-ray
mapping for distribution of nitrogen. The measure-
ments were carried out at a 10 kV electrical high ten-
sion using an SEM microscope (LEO 1450 model)
equipped with an energy dispersive detector.

The surface free energies of grafted samples were
determined by contact angle goniometry in a ther-
mostated cell (208C 6 18C) using a Kruss G10
Goniometer interfaced to image capture software.
Advancing (yA) contact angles were measured for
droplets (2–10 lL) of doubly distilled water and diio-
domethane.

RESULTS AND DISCUSSION

Table I gives the three-dimensional solubility param-
eter of solvents27 and binary mixture of solvents
used in the grafting reaction. Solubility parameter of
the binary mixtures has been calculated as per the
equation:

dmix ¼ d1X1V1 þ d2X2V2

X1V1 þ X2V2

where dmix is the solubility parameter of a mixture
of solvents; X1 and X2 are molar fractions of compo-
nents 1 and 2; V1 and V2 are the molar volumes of
components 1 and 2; d1 and d2 are the solubility pa-
rameters of components 1 and 2.

Figure 1 shows the effect of monomer concentra-
tion on percentage of grafting. The same for low
yield grafting cases has been represented in Figure 2.
From Figure 1 it is seen that the percentage of

TABLE I
Solubility Parameter of Solvents and Solvent Pairs

Solvent
Solubility parameter,

d (cal cm23)1/2

THF 9.1
MEK 9.3
Acetone 9.9
Dioxane 10
4-Vinyl pyridine 11.0
Isopropanol 1 MEK (86 : 14 wt %) 11.2
Cyclohexanol 11.4
Isopropanol 11.5
Benzyl alcohol 12.1
Nitromethane 12.2
Ethanol 12.9
Ethanol 1 water (92 : 8 wt %) 13.4
Methanol 14.5
Acetone 1 water (1 : 1, v/v) 15.5
Dioxane 1 water (1 : 1, v/v) 16.7
Water 23.4
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grafting initially increases with monomer concentra-
tion, followed by a sudden upward jump, marking
the onset of autoacceleration or Tromsdorff effect.
With further increase in monomer concentration, the
percentage of grafting plateaus. This pattern in graft-
ing has been reported for grafting of vinyl mono-
mers onto various substrates.28 Furthermore, it is
observed that autoacceleration onsets at different
concentrations for different solvent systems. For
dioxane–water and acetone–water binary mixtures
the onset is at 10% monomer concentration. For the
rest of the solvent systems the onset occurs at 15–
20% of monomer concentration. Furthermore it is
observed that the degree of grafting decreases in the
following order: dioxane–water > acetone–water
> dioxane > acetone > ethanol–water > isopropa-
nol-MEK > methanol > THF.

It has been established that the grafting of vinyl
monomers in FEP occurs by frontal mechanism.
Grafting starts from layers close to the surface, then
proceeds inwardly toward the core of the film by
progressive diffusion through the swollen grafted
layers.22,29 Hence, best and uniform grafting is
expected to occur in a solvent system in which the
grafted zone swells maximum. This is possible when
the solubility parameter of solvent is closer to the
monomer or polymer. Thus, according to Yang and
Hsui,30 grafting of 4-vinyl pyridine onto styrene–
butadiene–styrene triblock copolymer in methanol
yielded better grafting than in ethanol because of the
close proximity of the solubility parameter of metha-
nol-based system with poly(4-vinyl pyridine) than
the ethanol-based system. Similar views have been
provided by Kang et al.31 in grafting of styrene onto
PTFE. However, in the present case, the percentage
of grafting is lower in dioxane as well as in acetone

(despite having closer proximity of solubility param-
eter) compared with their corresponding mixture in
water (Table I). From these observations it is clear
that percentage of grafting cannot be explained
merely based on solubility parameter. Another pa-
rameter such as chain transfer to solvent also influ-
ences grafting. It appears that water as a reaction
medium is a very good solvent for graft copolymer-
ization because it has a zero chain transfer constant,
thus minimizing the wastage of monomer. Kaur
et al.26 have observed an increase in the degree of
grafting of 4-vinyl pyridine onto FEP with increasing
water content in alcohol/water mixture. It is clear
from the observation made in present case that not
only solubility parameter but also chain transfer to
solvent and wetting of the solution mixture with the
substrate chosen for grafting are other important fac-
tors which affect the grafting efficiency as well.

To account for the onset of autoacceleration at dif-
ferent concentrations for different solvent systems, it
is well known that the rate of polymerization is very
high when the chain transfer constant is minimum.
Marked Tromsdorff effect has been observed in sol-
vents pairs such as dioxane–water and acetone–
water. Dioxane–water being not a good solvent, the
chain transfer constant is not much affected because
of combined effect of limited swelling and minimum
chain transfer.

Figure 2 represents the effect of monomer concen-
tration on percentage of grafting for low-yield cases.
Cyclohexanol has a solubility parameter of 11.4 (cal/
cm3)1/2, which is in close approximation with poly
4-vinyl pyridine itself. However, low grafting is due
to the higher chain transfer constant of cyclohexanol.
Similar trend is observed in the presence of benzyl

Figure 1 Effect of monomer concentration on percentage
grafting at a fixed total dose of 35 kGy, irradiated at a
dose rate of 4.92 kGy/h.

Figure 2 Effect of monomer concentration on percentage
grafting (low yield cases) at a fixed total dose of 35 kGy,
irradiated at a dose rate of 4.92 kGy/h.
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alcohol. It is known that the alcohols having high
chain transfer constant values accelerate various
chain transfer reactions leading to premature termi-
nation of growing polymer chains that causes a
decrease in percentage of grafting. Similar observa-
tions have been made by others.25 In the presence of
nitromethene, nitro group probably scavenges the
growing radicals, lowering the grafting yield. Gar-
nett and Martin25 have observed that cyclohexanol,
benzyl alcohol, and nitromethane were nonpro-
moters of grafting of 4-VP.

Figure 3 shows the effect of total dose on percent-
age of grafting. In this study the low grafting yield
solvent systems have been deliberately excluded. In
this case it is observed that the order of grafting fol-
lows the similar trend as observed in the case of
effect of monomer concentration. Furthermore, it is
observed that at a fixed monomer concentration of
20%, autoacceleration occurs at a total dose of
10 kGy for the binary mixtures of dioxane–water
and acetone–water, whereas the effect is less pro-
nounced in other cases.

Evidence of grafting

FTIR spectroscopy

Figure 4 shows the FTIR spectra of FEP and FEP-g-4-
VP samples prepared from binary mixture of diox-
ane and water. From the figure it is seen that both
FEP and graft copolymers show a broad band at
1150–1250 cm21 because of the stretching of CF2
groups. A sharp peak at 981 cm21 is also noticed, at-
tributable to the C��F stretching of CF3 group in the
substrate as well as graft copolymers. Appearance of
new bands is observed in the graft copolymers. A
peak at 1493 cm21 due to ��C¼¼N for pyridine ring
of FEP-g-4-VP is seen to be present. With increasing

percentage grafting, the intensity of the peak
increases, as expected. Further the graft copolymers
show sharp peak at 2943 cm21 due to the aliphatic
��CH2 stretching of 4-vinyl pyridine-grafted chains.

Thermogravimetric analysis

Figure 5 shows the TGA plot of FEP and FEP-g-4-VP
samples with varying percentage of grafting pre-
pared from dioxane–water binary mixture. From the
figure it is seen that FEP has an initial decomposi-
tion temperature (IDT) of 4368C, whereas the grafted
samples show a two-step degradation profile. The
first step corresponds to the degradation of the
grafted poly(4-vinyl pyridine) chains, followed by
the degradation of FEP itself. The thermal stability
data for the grafted films are illustrated in Table II.
From the table it is seen that neat poly(4-vinyl pyri-
dine) prepared from dioxane–water binary mixture
at 35 kGy does show an IDT of 3178C. The IDT of
the grafted samples are found to decrease with

Figure 3 Effect of total dose on percent grafting at
20% monomer concentration irradiated at a dose rate of
4.92 kGy/h.

Figure 4 FTIR spectra of FEP and FEP-g-4-VP samples
obtained from dioxane–water binary mixture as solvent by
varying the total dose.

Figure 5 TGA analysis of FEP and FEP-g-4-VP samples
obtained using dioxane–water binary mixture as solvent
by varying total dose.
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increased percentage of grafting. This could be
attributed to the fact that homopolymerized poly
(4-vinyl pyridine) would grow to a higher molecular
weight compared with the graft copolymers with a
higher thermal stability. Furthermore, the partial
weight loss in the first decomposition step implies
that the percentage of grafting corresponds well
with those determined from simple weight measure-
ments. It is also observed that the thermal stability
of FEP decreases with increase in grafting. This
could be due to the radiation-induced degradation
of FEP. To substantiate the possible radiation-
induced degradation of FEP, the films were irradi-
ated to total dose of 25 and 50 kGy and TGA analy-
sis was carried for the irradiated films. Figure 6
illustrates the TGA of irradiated FEP samples. From
the figure it is seen that for irradiated FEP samples,
IDT shifts to lower temperature, indicating decrease
in thermal stability.

Dynamic mechanical analysis

DMA of FEP and FEP-g-4-VP samples prepared
from dioxane–water binary mixture are represented
in Figure 7. It is seen that FEP has a sharp tan d

peak at 908C, corresponding to its glass transition
temperature. With increasing grafting, the tan d max-
imum shifts to higher temperature, with progressive
increase in the intensity of peaks as well. The
increasing intensity of the tan d peak is clearly due
to the incorporation of glassy 4-vinyl pyridine chains
onto FEP. At 18% of grafting a shoulder peak is
observed in the tan d peak. This indicates that at
18% of grafting of poly 4-VP, grafting is not homoge-
neous. Beyond 18% grafting no shoulder peak is
observed. The appearance of single peaks in the
DMA plot for varied grafting levels suggest that the
4-vinyl pyridine is covalently bonded to the FEP.
Beyond 35% grafting the DMA analysis was not pos-
sible as the films became brittle with the incorpora-
tion of glassy 4-vinyl pyridine chains.

SEM-EDAX

The area of X-ray mapping of the grafted film (35%)
for elemental nitrogen contributed by grafted poly(4-
vinyl pyridine) is shown in Figure 8. From the figure

TABLE II
Thermal Stability of the FEP-g-4-VP Samples: TGA Experiments

Percentage of grafting

Step 1 Step 2

TON (8C) Tmax (8C) Dm (wt %) TON (8C) Tmax (8C)

0 (FEP) 436 516 – – –
5 307 354 4.2 347 501
22 300 352 21.6 352 498
26 284 356 25.2 354 596
33 282 358 32.1 353 494
36 279 357 35.4 356 494
Poly (4-VP) 317 415 99.8 – –

TON, initial decomposition temperature; Tmax, temperature at the maximum rate of weight loss; Dm, partial weight loss
at the corresponding decomposition step.

Figure 6 TGA analysis of radiation-treated FEP samples.

Figure 7 Dynamic mechanical analysis of FEP and FEP-g-
4-VP samples obtained using dioxane–water binary mix-
ture as solvent by varying the total dose.
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it is observed that the white dots representative of
nitrogen are uniformly distributed, indicating uni-
form grafting. Depth profiling of a few representa-
tive grafted samples were carried out by X-ray map-
ping the elemental nitrogen across the cross section
of a few grafted samples. Figure 9 shows the SEM-
EDAX pictures of a few grafted samples. From the
figure it is observed that at 5% grafting, only a few
micron depth on either side of the base polymer
shows the presence of nitrogen, contributed by the
grafted 4-vinyl pyridine chains. As the grafting per-
centage increases, the grafting front propagates
reaching the bulk of the sample. At 36% grafting,
uniform distribution of the elemental nitrogen is
seen, implying uniformity of grafting across the
thickness of the base polymer.

Surface energy

Surface energies were evaluated using the surface
tension-component theory. According to this
approach, the surface tension of a phase could be di-
vided up into independent components such as Lon-
don dispersions contribution gd and polar contribu-
tion gp, as represented below.

g ¼ gd þ gp

For a drop of liquid at equilibrium with a solid
surface, the liquid–solid contact angle (y) is given by
the following equation:

gLð1þ cos uÞ=2ðgdLÞ1=2 ¼ ðgPSÞ1=2ðgPLgdLÞ1=2 þ ðgdSÞ1=2

where gL is the surface tension of the liquid and sub-
script S 5 solid and L 5 liquid. gL, g

d
L , and g

p
L can

be found in literature.32 In this study, diiodomethane
and water were used as the probing liquids. For
water, gL 5 72.8 mJ/m2, g

p
L 5 51.0 mJ/m2, and gdL

5 21.8 mJ/m2. For diidomethane, gL 5 50.76 mJ/m2,

Figure 8 (a) SEM micrograph of FEP-g-4-VP surface (36%
grafting) obtained using dioxane–water binary solvent
mixture. (b) X-ray mapping for distribution of nitrogen
(EDAX) in FEP-g-4-VP surface (36% grafting) obtained
using dioxane–water binary solvent mixture.

Figure 9 (a) X-ray mapping for distribution of nitrogen
(EDAX) in FEP-g-4-VP cross section (5% grafting). (b) X-
ray mapping for distribution of nitrogen (EDAX) in FEP-g-
4-VP cross section (26% grafting). (c) X-ray mapping for
distribution of nitrogen (EDAX) in FEP-g-4-VP cross sec-
tion (36% grafting).
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g
p
L 5 0 mJ/m2, gdL 5 50.76 mJ/m2 at 208C. Hence, by

measuring the contact angle for two well-character-
ized liquids, two equations with two unknowns, i.e.,
gds and g

p
s , are generated. The surface energy gs 5 gds

1 g
p
s can be obtained.

The advancing contact angles for two probing
liquids of water and diiodomethane and total surface
energy values with their polar and disperse compo-
nents are illustrated in Table III. From the results it
is seen that the base polymer FEP has an advancing
contact angle of 1098 and 918, with water and diio-
domethane, respectively. This corresponds to a sur-
face energy of 12.9 mN/m with a polar and disperse
component of 11.8 and 1.1 mN/m, respectively.
Brack et al. reported33 a surface energy value of
12.3 mN/m for FEP, by adopting acid–base compo-
nent approach. The advancing contact angle for both
water and diiodomethane decrease with increase in
grafting. Consequently the surface energies show an
increasing trend with increased grafting. It must be
noted that the graft level is a bulk property and is
averaged over film thickness and area, as already
seen from SEM-EDAX studies. However, increase in
grafting also results in higher concentration of polar
4-vinyl pyridine-grafted chains on the surface. The
hydrogen bonding functional groups thus increase
the total surface energy as well as the polar compo-
nent of the surface energy as seen from the results.

CONCLUSIONS

The percentage of grafting in radiation-induced graft
polymerization is affected by the selection of the sol-
vent for grafting reaction. Grafting is governed by
both chain transfer constant of solvent and solubility
parameter. Grafting was observed to be higher in bi-
nary mixtures of dioxane–water and acetone–water,
despite the overall solubility parameter is higher
than that for poly(4-vinyl pyridine) because of low
chain transfer constant. Water plays an important
role in the grafting process, as is evident from the bi-
nary mixtures. This is probably due to its zero chain
transfer constant. The graft copolymers have been
characterized by FTIR, TGA, DMA, SEM-EDAX, and
contact angle goniometry.
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TABLE III
Representative Advancing Contact Angles, Surface Energies, and the Polar and Disperse Components of

FEP and FEP-g-4-VP Films

Percentage
of grafting

Contact angle
(8), water

Contact angle
(8), CH2I2

Surface energy,
r (mN/m)

Disperse component,
rd (mN/m)

Polar component,
rp (mN/m)

0 (FEP) 109 6 2.2 91 6 1.7 12.9 6 0.8 11.8 6 0.2 1.1 6 0.3
5 95 6 2.1 79 6 1.5 19.5 6 0.5 16 6 0.2 3.5 6 0.2
22 83 6 1.5 73 6 1.4 25.7 6 0.4 17.6 6 0.2 8.1 6 0.2
26 76 6 1.2 66 6 1.2 32 6 0.3 20.8 6 0.2 10.2 6 0.2
36 64 6 1.3 53 6 1.4 41 6 0.3 26.7 6 0.2 14.3 6 0.2
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